The prototype Puumala virus (PV) Sotkamo strain small (S) and medium (M) RNA genome segments were amplified by the polymerase chain reaction (PCR), cloned and sequenced. The S segment is 1830 nucleotides long with an open reading frame coding for 433 amino acids. The identity to the PV H~illn~is strain was 83% at the nucleotide and 96% at the amino acid level. The M segment in the Sotkamo strain is 3616 nucleotides long and contains one open reading frame of 1148 amino acids with 83% nucleotide and 94% amino acid identity to the H/illn~is strain. Most amino acid changes were conservative and the five predicted glycosylation sites are identical. The amino acid identity to the prototype hantavirus, Hantaan virus, was 62 and 54% for S and M segments, respectively. The coding region of the S segment was further amplified by PCR, ligated to pEX vectors and expressed in Escherichia coli as a fl-galactosidase fusion protein and was seen to be specifically detected by nephropathia epidemica sera in immunoblotting.
Introduction
Hantavirus genus in the family Bunyaviridae consists at present of at least five serotypes each primarily carried by a different rodent or insectivore host. Hantaviruses are found throughout the world with varying geographical distribution and degree of pathogenicity for the different serotypes. The Hantaan, Seoul and Puumala serotype viruses derived from Apodemus agrarius, Rattus norvegicus and Clethrionomys glareolus, respectively, are associated with severe, moderate and mild type haemorrhagic fever with renal syndrome (HFRS), respectively, but the Prospect Hill and Thottapalyam serotypes derived from Microtus pennsylvanicus in the U.S.A. and Suncus murinus in India, respectively, have not shown any association with human disease (Lee et al., 1990; Beaty & Calisher, 1991) .
The first aetiological agent of an HFRS-type disease, Korean haemorrhagic fever (KHF), was identified by Ho Wang Lee and collaborators in 1976 (Lee & Lee, 1976 , Lee et al., 1978 . The aetiological agent of the mild type HFRS nephropathia epidemica (NE) was first discovered in 1980 from tissue sections of bank voles (Clethrionomys glareolus) from Puumala, Finland (BrumThe sequence data have been deposited in the EMBL Data Library with the accession numbers X61034 and X61035 (for M and S segments, respectively). mer- Korvenkontio et al., 1980) , and later a strain from a bank vole in Sotkamo, Finland was adapted to Vero E6 cells (Schmaljohn et al., 1985) and is the prototype strain of Puumala virus (PV) (Brummer-Korvenkontio et al., 1982; Karabatsos, 1985) . The taxonomy and nomenclature of hantaviruses has been somewhat controversial but has recently been revised (Calisher, 1990) .
NE is common in Northern Europe; in Finland there were over 700 serologically diagnosed cases in 1990, all tested in this department. Typical symptoms of NE include fever, headache, nausea, back pain, vomiting, oliguria, stomach pain and diarrhoea (L/ihdevirta et al., 1984; J. Mustonen et al., unpublished results) . Subclinical cases are common but the clinical disease may sometimes demand intensive care and can even be fatal. Diagnosis is currently done by detecting low avidity PVspecific IgG antibodies in an indirect immunofluorescence assay test (IFAT) using PV-infected (Sotkamo strain) Veto E6 cells as antigen (Hedman et al., 1991) .
Hantaviruses are enveloped, spherical, negativestrand RNA viruses with a diameter of 100 to 200 nm. Virus particles mature by budding into the Golgi vesicles or into the endoplasmic reticulum. The three genome segments, large (L), medium (M) and small (S), are separately packed in helical nucleocapsids and code for the nucleocapsid protein (S), two glycoproteins G1 and G2 (M) and a polymerase (L) and have conserved and complementary 3' and 5' termini (Elliott, 1990) . The Hantaan virus (strain 76-118) S and M were the first hantavirus segments to be cloned and sequenced (Schmaljohn et al., 1986 (Schmaljohn et al., , 1987 Yoo & Kang, 1987) . Later, sequences of various genome segments of other hantavirus serotypes and also of Hantaan virus L segment (Schmaljohn, 1990 ) have been published: Puumala H~illn/is B1 strain M, S and L segments [ (Giebel et al., 1989; Stohwasser et al., 1990 Stohwasser et al., , 1991a ; recent data suggest that the sequences published as H/illn/is B 1 strain do not match with sequences derived from H/illn/is BI strains from other sources, but instead seem to be identical with PV CG 18-20 strain sequence (Stohwasser et al., 1991b) , originally derived from a bank vole in Bashkiria, U.S.S.R. (Tkachenko et al., 1984) ], Seoul strain SR-I 1 M and S segments (Arikawa et al., 1990) , strain 80-39 M and L segments (Antic et al., 1991a, b) , strain B-1 M segment (Isegawa et al., 1991) and Prospect Hill S and M segments (Parrington & Kang, 1990; Parrington et al., 1991) . Sequence similarities between the S and M segments of the serotypes are shown in Table 1 . Strain variation within the Hantaan serotype has been previously studied by direct RNA sequencing of M segments of isolates from two patients and by comparison with the prototype Hantaan virus from which they differed 5-4 to 5.7% at the nucleotide level, 1.7 to 2.3% at the deduced amino acid level, and 1.6 and 0-4% from each other, respectively (Schmaljohn et al., 1988) . M segment clone sequences from the above mentioned Seoul virus rodent isolates vary by about 4% in the nucleotide and 1% in the amino acid sequence. The variation in both viruses is concentrated in the G1 protein. Parts of PV Sotkamo and H/illn/is strain sequences have recently been compared .
The sequences of the hantaviruses have shown that the 3.6 to 3-7 kb M segment codes for a polyprotein of 1131 to 1148 amino acids which is probably cotranslationally cleaved to yield two mature glycoproteins with a deglycosylated Mr of approximately 64K (G1) and 54K (G2), although the size of G1 has been reported to vary more in different serotypes (Tang et al., 1990) . Both glycoproteins seem to contain a hydrophobic leader sequence and need to be expressed simultaneously to form a stable heterodimer that is targeted to the Golgi complex (Elliott, 1990; Ruusala et al., 1991) . Three asparagine-linked glycosylation sites in G1 and one in G2 are conserved in all the four hantaviruses sequenced so far and each virus has one or two additional sites (Fig.  2) . The cysteine residues have been well conserved and the overall amino acid identity is 39% for G1 and 52% for G2 between the Hantaan, Seoul and Puumala and Prospect Hill viruses (Parrington et al., 1991) . Hantaan virus glycoproteins contain three neutralizing epitopes (Arikawa et al., 1989) . The 1.7 to 1.8 kb S segment codes for the 429 to 433 amino acid long nueleocapsid, the structure of which is well conserved with 58 % identity between the three pathogenic hantaviruses. The L segments of hantaviruses are 6-5 kb long and code for a single 246K protein functioning evidently as a polymerase. The Puumala virus (H~illn~is B1 strain) L segment has an approximately 64% nucleotide and 70% amino acid identity to both Seoul and Hantaan virus L segments (Schmaljohn, 1990; Antic et al., 1991 b; Stohwasser et al., 1991a) . NE is a common medical and diagnostic problem in Finland. Preparing viral antigens for diagnostic purposes is laborious and potentially hazardous. The purpose of this work was to clone and sequence the local hantavirus strain for potential production of diagnostic antigens in recombinant systems and to study the pathogenesis of NE and the strain variation in hantaviruses.
Methods

Propagation and purification of virus and purification of RNA. Puumala virus Sotkamo strain originates from a bank vole in Sotkamo, Northern
Finland (Brummer-Korvenkontio et al., 1982) , and was adapted to Vero E6 cell cultures as described earlier (Schmaljohn et al., 1985) . The virus used in this work had undergone 15 passages. Virions were purified from the PV-infected cell culture supernatant 2 to 3 weeks post-infection by hollow-fibre uitraftltration and sucrose gradient centrifugation and were treated with 1% SDS. The RNA was then • EGN~!~Ii[. I I. M..!IilIiilI~VSRH.
• ~,~i~!~ i ~ i~iii~ ~ purified by phenol-chloroform extraction and ethanol precipitation. Total cellular RNA of PV-infected Vero E6 cells was purified by the guanidinium isothiocyanate method with ultracentrifugation through a CsCI2 cushion as described (Sambrook et al., 1989) and the RNA pellet was suspended in double-distilled water (DDW) and precipitated with ethanol.
cDNA synthesis and cloning of purified viral RNA. The viral RNA, approximately 4 ~tg, was first denatured with 2.5 mM-methylmercuric hydroxide. The first-strand cDNA synthesis was primed with both random hexamers and a specific 12-mer (5' TAGTAGTAGACT) complementary to the 3' termini of all the genome segments (Schmaljohn et al., 1985) . The reverse transcriptase (RT) reaction was done as described earlier (Gubler & Hoffman, 1983) . EcoRI linkers were added to the cDNA product which was then ligated with EcoRIcleaved, calf intestine alkaline phosphatase (CIP)-treated pBR322 vector. Alternatively the cDNA was cut with Sau3AI and ligated to BamHl-cleaved, CIP-treated pEX (Stanley & Luzio, 1984) and pGEM vectors (Promega). Transformation of Escherichia coli was carried out using the CaCI: method (Cohen et al., 1972) . The colonies were screened with radiolabelled Hantaan virus M and S cDNA (clones kindly provided by Drs C. S. Schmaljohn and J. M. Dalrymple; Schmaljohn et al., 1986 Schmaljohn et al., , 1987 or in the case of the pEX clones with NE sera. Plasmid DNA purification was done by the NaOH denaturation method (Sambrook et al., 1989) .
cDNA synthesis, amplification and cloning of viral RNA from total cellular RNA. The same primers that were used in each polymerase chain reaction (PCR) were also used to prime first-strand cDNA synthesis in the RT reaction. Approximately 0-5 to 1 ktg of RNA was used per reaction. The ethanol-precipitated RNA was pelleted, lyophilized and suspended in 4.5 ~tl DDW, and denatured by the addition of 0-6 ~tl of 25 mM-methylmercuric hydroxide with incubation at 25 °C for 5 min. Then 1-0 p.1 of 90 mM-2-mercaptoethanol was added prior to the RT reaction, for which 3 ttl of 5 x reaction buffer (250 mMTris-HC1 pH 8.0, 40 mM-MgC12, 150 mM-KCI, 40 mM-DTT), 1.5 ~tl RNasin (40 units/ml, Promega), 1.5 ktl of 2-5 mM-dNTPs, 1-4 ~tl of primers (50 pmol/~tl) and 1-5 p.1 of avian myeloblastosis virus RT (20 units/ml, Promega) or Moloney murine leukaemia virus RT (100 units/~tl, Pharmacia) were mixed together to a final volume of 15 Ixl and incubated at 42 °C for 1 h.
For the PCR reaction, 3 ktl of the RT reaction mixture supplemented with 27 gl of DDW was first incubated at 95 °C for 10 min, to which was added 101xl of 10x buffer (500mM-KCI, 100mM-Tris-HCl pH 8-3, 25 mM-MgC12 and 0.1 ~ gelatin), 2 Ixl of each dNTP (2.5 mM), 1.0 ~tl of each primer (50 pmol/ml) and 1 ktl of Taq DNA polymerase (2units/ml; AmpliTaq, Perkin-Elmer Cetus) to a final volume of 100 ml. The PCR was performed in 30 cycles of 0.6 min at 96 °C for denaturation, 1-0 rain at 50 to 60 °C for annealing and 2.1 min at 72 °C for elongation. To each primer, a 5'-terminal restriction sequence had been added. Part of the primer sequences (A, C, D, F, H, J and K see below) were derived from the previously published H~illn~is strain sequences (Giebel et al., 1989; Stohwasser et al., 1990) and part from the cloned and sequenced Sotkamo strain sequences. Altogether 20 primers were used, but finally the three primer pairs for the S segment and the four primer pairs for the M segment were selected to cover the whole genome segments for eventual cloning and sequencing.
The oligonucleotides that were used to obtain the S segment were Cloning and sequencing. The amplified products were digested with the appropraite restriction enzymes, purified by cutting the band from an agarose gel subjected to electrophoresis (SeaPlaque, FMC), the gel slice was melted at 65 °C, 2.5 volumes of phenol were added, the mixture was frozen for 5 min at -70 °C and then spun in a benchtop centrifuge for 15 rain. The resulting aqueous phase was re-extracted with phenol, precipitated with ethanol and ligated to correspondingly cleaved and gel-purified pGEM-3Z, -4Z, -3Zf ÷ or -7Zf-vectors (Promega) as described (Sambrook et al., 1989) . Alternatively, the restricted insert or vector DNA was purified in a Centricon-100 (Amicon) centrifugal microconcentrator according to the manufacturer's instructions. Competent cells were prepared according to the TSS method (Chung et al., 1989) . Mini-scale isolation of plasmid DNA followed by restriction analysis was carried out and clones with an insert of appropriate size were selected for sequencing. For pGEM-3Z clones, the purified double-strand plasmid DNA was denatured by NaOH and the template was coprecipitated with the sequencing primer. For the pGEM-3Zf + and 7Zf-clones, the single-strand DNA was produced by co-infection with the R405 helper phage (Promega) and the DNA was precipitated from the culture supernatant by addition of 0.25 volumes of 20~ polyethylene glycol (PEG 8000) in 3-5 M-ammonium acetate with incubation on ice for 1 h. The pellet was further purified with Geneclean glassmilk (Bio 101). Sequencing was done by the dideoxynucleotide chain termination sequencing method with the Sequenase 2-0 kit (USB). Three clones for the S and four for the M segment were selected to cover the whole segment and were ligated using suitable restriction sites. Smaller restriction fragments of the same segments were also subcloned to pGEM-3Zf ÷ or pGEM-7Zf-vectors for sequencing.
Amplification and expression of the S segment coding region.
Using 20 ng of the S segment clone as a template, the PCR reaction was done using the primers M', AGCTACGTCGACAAAGATCTGGAAT-GAG (47/m) and N', GTGCATCTGCAGTTCAGATCTTA-TATCTTTAG (1333/v) as described above, and the product was cut with SalI and PstI and ligated to similarly restricted pEX2 vector. The amplified product was restricted with BgllI (nucleotide 842 in the S segment) to create a construct containing the first two-thirds and last one-third of the coding region; these fragments were purified as above and were ligated to BamHI-restricted pEX1 and pEX2 vectors. The linker regions were sequenced to assure the correct orientation and reading frame. The three constructs were transformed as above to E. coli strain POP 2136 and the expression was induced, after incubation first at 30 °C for 4 h by shifting the temperature to 42 °C for 1.5 h (Stanley & Luzio, 1984) . The bacterial lysate was subjected to electrophoresis in a polyacrylamide gel and transferred to nitrocellulose filters. Immunoblotting was done using the immunoperoxidase method and mouse monoclonal fl-galactosidase antibodies (used at 100 ng/ml; Promega), NE sera (used at 1:300) obtained from our diagnostic routine laboratory, a KHF serum (used at I : 300) kindly provided by Dr Ho Wang Lee, Seoul, Korea and a negative control serum as shown in Fig. 3 .
Computer analysis. The University of Wisconsin GCG package (Devereux et al., 1984) and Macintosh Molly programs were used.
4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 Fig. 3 . Immunoblotting of proteins separated by polyacrylamide gel electrophoresis and transferred to a nitrocellulose filter of E. cord strain POP 2136 containing (lanes 1) the pEX vector coding for fl-galactosidase, (lanes 2) pEX vector containing also an insert coding for . the whole nucleocapsid protein, (lanes 3) the first two-thirds (lanes 4) or the last one-third of the nucleocapsid protein as described in Methods and shown in Fig. 1 . The sera used in the immunoblotting were (a) a monoclonal antibody to fl-galactosidase, (b) a NE-IFAT negative control serum, (c) to (e) three sera from nephropathia epidemica patients and ( f ) serum from a patient with KHF.
Results
We initially tried to probe the colonies derived from ligation of Puumala virus Sotkamo strain cDNA directly to plasmids with either radiolabelled Hantaan virus cDNA probes, or NE sera, but these approaches did not give positive clones. However, on screening hundreds of colonies by plasmid isolation and restriction analysis we found one that contained a 0-51 kb insert that later was seen to code for the M segment (nucleotides 1066 to 1582); the sequence was found to be identical to the sequence derived from our PCR clones. Also, we detected a 0.6 kb clone with 57~o nucleotide similarity (data not shown) to the Hantaan L segment sequence (Schmaljohn, 1990) . When the PV H/illn/is strain M and S sequences were published (Giebel et al., 1989; Stohwasser et al., 1990) we decided to change our cloning strategy to amplification by PCR with H/illn/is strain-specific primers using total cellular RNA of PV-infected Vero cells as a template. The sequencing of the PCR-derived clones showed that the S segment of the Sotkamo strain of PV contained 1830 nucleotides with a single open reading frame (ORF) coding for 433 amino acids (49.5K protein, starting from the nucleotides 43 to 45 to a stop codon in 1344 to 1346). In addition, an ORF with high coding probability extending from nucleotide 83 to 352 was found. Although we have found no evidence for the existence of such an 1 IK protein in Western blots of PV virions or infected cells, it is worth noting that an ORF of exactly the same size in an identical position exists in the PV H~illn~is B1 strain and in Prospect Hill virus, but not in Hantaan or Seoul viruses. The similarity to the H~illn~is strain for the whole S segment was 83~o at the nucleotide level and 96~ at the deduced amino acid level. The non-coding area (after the stop codon TAA at 1344 to 1346) was in the Sotkamo strain 45 nucleotides longer than in the H/illn/is B 1 strain and the identity in the non-coding area was 76~ compared to 86~ in the coding area.
The M segment has 3682 nucleotides with an ORF encoding 1148 amino acids (126.3K, between nucleotides 41 to 43 and 3485 to 3487) as shown in Fig. 2 . For the M segment the identity with the H/illn~is B1 strain was 83~ at the nucleotide level, the segment being of exactly the same size as that in the H/illn/is strain, and 94~ at the deduced amino acid level for the whole segment (93.6~o and 94-5~ for the areas coding for G1 and G2, respectively). The five glycosylation sites of the glycoproteins are identical in the two PV strains; four of them have been conserved also in other hantaviruses. The overall cysteine content is 5-4 ~ and the cysteines are also well conserved among the different hantaviruses (see Fig. 2) .
Most of the amino acid differences between the two PV strains in both segments are conservative changes; non-conservative differences between the two PV strains represent 1 ~ and 3 ~o for the S-and M-coded proteins, respectively. The deduced amino acid identities with both the prototype Hantaan virus and Seoul virus were 62~o for the S, and 54~o for the M segment, but with Prospect Hill virus were 79 ~o and 76 ~o, respectively. The identity is higher in G2 (with Hantaan, 59~o and with Prospect Hill, 78~) than in G1 (50~ and 74~, respectively). The similarities between different hantaviruses and the two PV strains are summarized in Table 1 .
Compared to the PCR-derived sequences of 550 bases of the Puumala virus Sotkamo strain M and S eDNA published earlier , our S segment sequence is identical but the M segment sequence differs by three nucleotides (1948, 2035 and 2254) .
A second PCR using the ligated S segment clone as a template was performed to obtain the coding area of the S segment. When expressed as a fl-galactosidase fusion protein in E. coli this product was seen to be specifically recognized by NE and KHF sera in immunoblotting (as shown in Fig. 3) , thus confirming the identity of the cloned PV sequences. The recombinant fusion protein containing the whole nucleocapsid area was used for rabbit immunization; a granular fluorescence pattern typical for acute NE sera could be detected with the rabbit serum 4 months later in the IFAT test on PVinfected Vero E6 ceils.
Discussion
The Sotkamo and H/illn/is strains of Puumala virus were isolated from bank voles 700 km apart in Finland and Sweden, both in November 1981 (Brummer-Korvenkontio et al., 1982; Yanagihara et al., 1984) and have been adapted to cell culture in Vero E6 cells (see Introduction). Between the two strains both the M and S segment nucleotide sequences vary by about 17~, which causes amino acid changes in 6~o (M) and 4~ (S), of which 3~ and 1 ~, respectively, can be regarded as non-conservative. The G2 protein is clearly more conserved than G1. The variation in the nucleocapsid protein between the PV strains as well as amongst the different hantaviruses is most concentrated in the middle portion of the protein (amino acids 230 to 310, see Fig. 1 ). The last C-terminal 120 amino acids are almost identical in all of the four hantaviruses sequenced. However, the last one-third of the nucleocapsid protein (from amino acid 215 onwards) was not antigenic in our experiments as a fl-galactosidase fusion protein although it has been predicted to contain the prominent antigenic epitope for PV as estimated by its hydrophilicity profile (Stohwasser et al., 1990) . The fusion product of the first two-thirds of the protein showed similar reactivity as the whole protein in the immunoblotting with NE sera. KHF serum also shows weak reactivity (see Fig. 3 ). We have used the whole nucleocapsid fusion protein as an antigen also in an ELISA system (data not shown) where it works sensitively and specifically.
The genetic variation of PV seems to be somewhat higher than what has been reported earlier for M segments of other hantaviruses (Schmaljohn et al., 1988; Isegawa et al., 1990; Antic et al., 1991 a) . The variation is in accordance with the strain variation in some other RNA viruses including poliovirus (Kinnunen et al., 1990) and another member of the Bunyaviridae, Rift Valley fever virus (Battles & Dalrymple, 1988) , although some arthropod-borne RNA viruses such as Sindbis viruses isolated in different parts of the world show more genetic stability (Shirako et al., 1991) . We also found most of the nucleotide changes to be of the biased hypermutation type (U to C, A to G) as reported earlier for Seoul virus genetic variation (Antic et al., 1991 a) .
Of the four hantaviruses sequenced so far, the two Puumala virus strains and the Prospect Hill virus show greater similarity between themselves, as do the Seoul and Hantaan viruses (as shown in Table 1 ). This can be perhaps explained by the host ranges: the former two viruses are derived from species of the family Cricetidae (voles) and the latter two from species of the family Muridae (including rats and mice).
Because the sequences presented here are mainly based on single PCR clones, there is a possibility of PCRderived errors. However, it may be noted that the sequence of the 0-5 kb M segment clone derived from cDNA from purified virions was identical to the sequence of the PCR-derived clone. As compared to the Sotkamo strain PCR-derived sequence data published earlier we found three differences in the 505 nucleotides in the M segment sequence, and the S segment sequence (510 bases) was identical. In our overlapping clones or different clones from the same area we found differences in approximately 1/1000 nucleotides. We have not actually sequenced the 19 (M) or 22 (S) 5' and T-terminal nucleotides of the Sotkamo strain: the ends are based on the H/illn/is strain sequence. Thus, whether Puumala virus has the +/-12 mismatch reported in Hantaan virus CYoo & Kang, 1987) and Seoul virus (Arikawa, 1990) similar to the +/-9 mismatch in other members of the Bunyaviridae is not known.
The adaptation of the virus to cell culture may cause genetic changes, especially as the process of adaptation to Vero E6 cells has been somewhat difficult (Schmaljohn et al., 1985) . The sequences presented here are based on a virus strain that has gone through 15 passages during a period of about 6 years. Direct sequencing by PCR directly from infective rodent tissue or patients' samples might thus be informative. Nevertheless, it seems that the different serotypes of hantaviruses are genetically distinct from each other but can show considerable strain variation.
